Cyclical heat engines are a paradigm of classical thermodynamics, but are impractical for miniaturization because they rely on moving parts. A more recent concept is particle-exchange (PE) heat engines, which uses energy filtering to control a thermally driven particle flow between two heat reservoirs 1,2 . As they do not require moving parts and can be realized in solid-state materials, they are suitable for lowpower applications and miniaturization. It was predicted that PE engines could reach the same thermodynamically ideal efficiency limits as those accessible to cyclical engines [3] [4] [5] [6] , but this prediction has not been verified experimentally. Here, we demonstrate a PE heat engine based on a quantum dot (QD) embedded into a semiconductor nanowire. We directly measure the engine's steady-state electric power output and combine it with the calculated electronic heat flow to determine the electronic efficiency η. We find that at the maximum power conditions, η is in agreement with the Curzon-Ahlborn efficiency 6-9 and that the overall maximum η is in excess of 70% of the Carnot efficiency while maintaining a finite power output. Our results demonstrate that thermoelectric power conversion can, in principle, be achieved close to the thermodynamic limits, with direct relevance for future hot-carrier photovoltaics 10 
), comparable to the η CA (Supplementary Section A).
A drawback of cyclical engines is that they require moving parts, which severely limits low-power applications, for example, in sensors or wearables. By contrast, PE heat engines 2 require no moving elements as they operate by exchanging particles (for example, photons 1 or electrons 4 ) between two heat reservoirs. Theory predicts that PE heat engines can be operated near η C provided that, first, the energy at which particles are exchanged between reservoirs is limited to an energy band much narrower than kT H (refs 3, 5, 13 ) and, second, that said energy is adjusted such that the particle transfer produces no entropy [1] [2] [3] [4] 8 . These conditions describe an ideal solidstate thermoelectric system 3, 5 .
One way to achieve the required energy filtering in the solid state is to use a QD that is tunnel-coupled to two electron reservoirs 5, 14 . Single-electron orbital states that act as energetically sharp transmission channels (resonances) for electrons at energy ε 0 can be used as energy filters. According to theory, by adjusting ε 0 one can operate the system either near η C (refs 4, 14 ) or near η CA (ref. 15 ). Experimentally, there has been significant progress in the study of the thermoelectric properties of QDs 16, 17 and QD-based solid-state cooling devices 18 . However, predictions about the achievable efficiencies in PE heat engines have not been experimentally investigated before as it is a challenge to fulfil all the requirements for quantitative tests simultaneously: an accurate reservoir thermometry, tunable and electrically non-invasive reservoir heating and a QD that approximates an ideal energy filter.
In this work we explore whether it is possible to reach η C and η CA in PE heat engines based on QDs formed by thin InP segments embedded into InAs nanowires (Fig. 1a) , as proposed previously 14 . This system offers small and electrostatically stable QDs defined with atomic precision 19 and makes use of well-established device-fabrication techniques. The energy width of the resonance is determined by the tunnel rates Γ across the InP segments, and an electrostatic gate can be used to control the resonance energy.
The operation principle of our PE heat engine is illustrated in Fig. 1b . The resonance energy ε 0 is positioned relative to the chemical potentials of the electron reservoirs, μ C and μ H , such that electronic state occupancy at ε 0 is higher in the hot (red) reservoir than in the cold (blue) reservoir. In this configuration, the temperature difference ∆ T = (T H -T C ) can drive an electric current I against an electrical potential difference V = (μ C -μ H )/e (ref. 4 ). In the limit ℏΓ → 0, electrons are transferred only at ε 0 . Each transferred electron then produces electric work (eV) at the cost of removing heat Q H = ε 0 -μ H from the hot reservoir and depositing Q C = ε 0 -μ C in the cold reservoir. For finite Γ, this coupling between charge and heat is no longer exact because of a finite resonance width and effects such as co-tunnelling 20 , thus resulting in an increased heat flow. Also, the existence of a well-defined resonance energy ε 0 requires the singleparticle level spacing to be much larger than kT H to avoid transport through the excited states of the QD.
In the presence of a load R in series with the QD (Fig. 1c ) and zero external bias V ext , the circuit self-consistently satisfies the relation V = -I th R, where I th = I(V ext = 0) is the thermocurrent. The thermoelectrically produced power in the steady state is P th = -I th V = I th 2 R and the electronic efficiency is η = P th /J Q , where J Q is the electronic heat flow that leaves the hot reservoir through the QD. We emphasize that P th and η depend on R, which can thus be used to optimize either P th or η. 
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Our experimental device consisted of an InAs/InP nanowire QD in contact with metallic leads, as shown in Fig. 1d . We used top heaters 21 for the effective thermal biasing of the QD. The differential conductance dI/dV ext = G of the QD as a function of V G and V ext shows that the QD had a well-defined resonance located at V G ≈ 0.13 V, as indicated by the intersecting G lines at V ext = 0 V (Fig. 2a) . This resonance was separated from others by the QD's charging energy of 4.9 meV, which is much larger than kT H = 0.17 meV at the highest electronic temperature used in the experiment, T = 2 K. No transport via excited states is evident (Fig. 2a) . All the results discussed in the following were obtained using only this resonance as the energy filter. Data from additional devices are presented in Supplementary Section B.
To estimate the engine's efficiency, we calculated the heat flow J Q based on experimentally determined parameters. This task required a theoretical description that includes full non-linear effects, large electron-electron interactions (Coulomb blockade) and goes beyond the sequential-tunnelling approximation generally used for small Γ. Our theoretical approach used the real-time diagrammatic (RTD) technique to expand the Liouville equation for the density matrix in Γ and solved the generalized master equations [22] [23] [24] that resulted for a single spin-degenerate energy level. We included all contributions to the current up to order Γ 2 , which includes co-tunnelling, level broadening and energy renormalization processes. We accounted for R by solving the self-consistent equation for V across the QD (Supplementary Section C).
Our analysis of the PE heat-engine performance was based primarily on current measurements that allowed for the accurate determination of Γ, T H and T C (Fig. 2b-d ). We determined Γ by fitting the RTD theory to the measured peak in G(V ext = 0) as a function of V G with ∆ T = 0 (Fig. 2b) . In total, four independent measurements were performed at elevated temperatures of around 0.5 and 1.0 K to ensure that kT » ℏΓ, a required condition for the validity of our theory. We assumed equal tunnelling rates across both InP segments, which yielded Γ values in the range 8.3-9.3 GHz (Supplementary Sections D and E give details). For further analysis, we used the average value Γ = 8.9 GHz (ℏΓ = 5.9 μ eV).
We determined T H and T C by measuring I th (V G ) as a response to an applied heater bias V heat (Fig. 2c) . The amplitude of I th is sensitive to T H and T C , and characteristically reverses direction at the resonance (V G ≈ 0.13 V) 17 . Using T H and T C as free parameters, we found excellent fits of the RTD theory (black lines in Fig. 2c ) to the experimental data points, and observed an approximately linear increase of T H and T C with V heat (Fig. 2d) (Supplementary Section D). Note that the positive and negative I th peak amplitudes are not the same, which is correctly reproduced by our theory. This asymmetry is due to electron-electron interactions in the spin-degenerate QD orbital at ε 0 . The QD is tunnel-coupled (rate Γ) to hot and cold electron reservoirs with Fermi distributions characterized by T H , μ H and T C , μ C , respectively. An electron that traverses the QD at energy ε 0 removes heat Q H from the hot reservoir, converts part of it into useful work, eV, and deposits the remaining part as heat, Q C , in the cold reservoir. c, The circuit used for thermoelectric characterization features a tunable resistor R (this also includes a 10 kΩ input impedance of the current preamplifier and a 4.5 kΩ resistance of the RC filters (not shown)), a current preamplifier and a voltage source V ext . A separate voltage source, V heat = V L heat - V R heat is applied in a push-pull configuration for running a current through a heater that is electrically decoupled from the hot electron reservoir. d, False-coloured SEM image of a nominally identical device to the one used in the experiment. Metallic leads (yellow) make contact to the nanowire (green). Heaters (blue and red) run over the contact leads and are insulated from them by a layer of high-k oxide. One of the heaters (red) is used in the experiment for thermal biasing, and the other (blue) is unused. The resulting Δ T = T H - T C is set by the temperature profile of the phonon bath.
Unlike the measured P th , the calculated heat flow J Q does not go to zero at the I th reversal point (Fig. 3a,b) . This is because the tunnelling effects of second order in Γ effectively decouple the charge current from the heat current, which also reduces the maximum achievable efficiency for the PE heat engine. Such effects could be pictured as contrapropagating charges at slightly different energies that results in a J Q with no net I th .
By varying ε 0 , we were able to optimize either P th or η at each given load R (Fig. 3c) . The maximum η was achieved between the peak and the reversal point of I th (black symbols in Fig. 3 ). However, fluctuations in I th led to a significant scatter of the data points in this range and we therefore focused on the maximum P th at each R, denoted P max , for which the signal-to-noise ratio was better. We found that P max peaked in the R range between 0.7 and 1.5 MΩ , depending on the V heat used, but this value will, in general, also depend on Γ (Fig. 4a) . We note that no simple analytic expression exists for the optimal R for the maximum power production 15 . We denote the estimated η at P max as η P max . We found η P max ≈ η CA for the R that produces the overall maximum P max (Fig. 4b) , which confirms theoretical predictions 9, 13, 15 . Optimizing R for maximal η P max yielded efficiencies in excess of 0.7η C but still maintained a finite steady-state power output, roughly equal to one-half of the overall maximum power for the same V heat (Fig. 4b) . Deviations between the data points and the RTD theory curves for η P max in Fig. 4b originate from the measured P max being slightly higher than that predicted in theory. Note that the sign and magnitude of the underlying deviations in the I th peak values are consistent with a small thermoelectric effect in the contact leads, which our model does not account for.
Our results demonstrate an electronic efficiency at a finite power output in excess of 70% of the Carnot limit, comparable to traditional cyclical heat engines (Supplementary Section A), and they confirm that QDs can be operated close to the Curzon-Ahlborn efficiency at maximum power. We achieved this by combining the use of high-quality, epitaxially defined QDs with a novel technique for non-invasive thermal biasing in immediate proximity to the QD 21 , and by directly measuring the power produced by the QD as a function of an external load R. To determine the electronic heat flow, and thus the efficiency, we used a theory that includes electron-electron interactions (Coulomb blockade), full non-linear effects and higherorder tunnelling. The reliability of the model is validated by its agreement with the experimental data (Supplementary Section D.III). In future work it would be desirable to measure the heat flow directlya difficult task in a QD heat engine under operating conditions that is subject to both electrical and thermal biases at the same time.
Our experiment approximates 'the best thermoelectric' 3 by realizing a system in which particle exchange between heat baths takes place only within a very narrow energy window. Our analysis is limited to electronic thermal reservoirs and does not consider phonon-mediated heat flow, which is a parasitic effect that reduces 
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Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41565-018-0200-5. Red and black markers identify data points from the corresponding V G ranges indicated in a and b. Data points are based on the measured values of P th and the calculated J Q using the experimentally determined parameters. The solid lines are based purely on RTD calculations using the same parameters. The arrow indicates the direction for increasing V G . The dashed line is the theoretical prediction for η CA = 0.56η C , which aligns well with the maximum power P th observed at R = 1.5 MΩ . The spread in the data points marked in black is due to fluctuations in the measured current when approaching the I th reversal point in V G . Note that η CA is expected to be an approximate upper limit for η at the overall maximal power of the engine, which for the V heat = 1,000 mV used in this figure is obtained for R ≈ 1.5 MΩ (top-right panel). For other R values for which lower powers are achieved, the maximum η can be smaller (top-left panel) or larger (bottom panels) than η CA . 
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Methods
Device specifications. The QDs in this study are defined in axially heterostructured InAs/InP nanowires 19 ( Fig. 1b) grown by chemical beam epitaxy using gold nanoparticles as catalysts 27, 28 . From the analyses of the transmission electron microscopy images of 11 nanowires from the same growth we found that, on average, the diameter of the nanowires was 60 nm, the thickness of the thin InP segments that defined the tunnel junctions was 4 ± 3 nm and the length of the InAs QD segment was 17 ± 1.5 nm. The outer InAs segments usable for contacting the nanowire were 350 ± 70 nm and 265 ± 60 nm long. The device fabrication procedure was identical to that reported previously 21 , with the only difference being that Ti (instead of Ni) was used for the electrode adhesion layers. A key element in this architecture is the so-called top heater 21 , that is, heaters fabricated directly on top of the contact leads rather than next to them or using the contact leads themselves as heaters 17 . This geometry allowed us to combine two important features of nanoscale heaters-a higher thermal bias Δ T with little overall heating of the device and the cryostat, and an electrically non-invasive thermal biasing that allows for the easy tuning of Δ T. As I th roughly scales with Δ T, a large Δ T improves the signal-to-noise ratio of I th . ) was used to measure the current through the QD. Due to changes in the virtual ground potential of the DLPCA-200 (of the order of 10 μ V), whenever the measurement circuit was reconfigured (for example, when changing R and/or grounding and ungrounding the sample) a more accurate value of the V ext zero bias point was determined using I(V G ) of the QD's conductance peak as a probe. We used a Femto DLPVA voltage preamplifier to record voltage V (voltage across the QD with the RC filter in series) simultaneously with all the I th measurements. This allowed us to characterize drifts in the applied V ext that were smaller than ± 1 μ V over a period of a single I th measurement trace. Before and after the I th measurements at each V heat (at every R), four additional measurements of V(V G ) and I(V G ) with V heat = 0 V were performed. This allowed us to ensure that the overall V ext drift was less than ± 2 μ V within the measurement sessions at each R. The V(V G ) data (recorded simultaneously with all the I th (V G ) measurements) also gave us a consistent set of redundant data with higher noise levels. Due to the filter resistance (4.5 kΩ ) of the refrigerator measurement lines, electrical biasing of the top heater was done by setting the two potentials V 
Measurements
